Introduction
Atrioventricular block (AVB) is the most common indication for pacemaker implantation, constituting around half of all first-time pacemaker implantations in Denmark. 1 The incidence of AVB increases with age, with idiopathic and agerelated fibrosis of the cardiac conduction system (Lenegres disease) considered to be the most common aetiology. 2, 3 In general, patients with AVB has a good prognosis after pacemaker implantation, 4 but in some cases, underlying disease determines a more malignant prognosis. [5] [6] [7] [8] [9] In younger patients, underlying cardiac disease other than idiopathic fibrosis may cause AVB, but the knowledge about their prevalence is scarce. Previous studies have shown, that underlying cardiac diseases is underdiagnosed, potentially leaving some of these patients with a higher risk of heart failure, tachyarrhythmia, or sudden cardiac death. [10] [11] [12] In this study, we aimed to describe the aetiologies of AVB identified by former and current diagnostic work-up in patients receiving their first pacemaker before the age of 50 years in a two-decade Danish nationwide population-based cohort. We hypothesized that in a large proportion of patients, the aetiology of AVB was not identified prior to implantation despite their young age.
Methods

Study population
To study aetiologies of AVB in a younger patient population, an age cutoff of 50 years was chosen. Between 1 January 1996 and 31 December 2015 all patients receiving their first pacemaker because of AVB before the age of 50 years in Denmark were included. Patients were identified from the Danish Pacemaker and ICD Registry. 1 The register was founded in 1982, and all pacemaker implantations in Denmark have been reported to the registry since then. Upon birth or immigration, all Danish citizens are given a unique and permanent civil registration number. This allowed us to use the civil registration numbers from the Danish Pacemaker and ICD Registry to identify individual patient medical records. 13 The study complies with the Declaration of Helsinki and was approved by the Danish Patient Safety Authority (record number: 3-3013-1970/1/) and the Danish Data Protection Agency (record number: 1-16-02-440-16).
Reviewing process
An in-depth review of the medical records and results from diagnostic work-up was performed retrospectively to evaluate the symptoms and the aetiologies of AVB as well as comorbidities. Patients were excluded if it was not possible to find the medical records.
In Denmark, the indication for pacemaker implantation follows the ESC guidelines on cardiac pacing. 14 The indication for implantation was registered as either: (i) symptomatic 1st-degree AVB or symptomatic Mobitz Type I AVB. (ii) Mobitz Type II AVB or advanced 2nd-degree AVB. (iii) Third-degree AVB. For all patients included, documentation for the AVB was identified by electrocardiogram (ECG), telemetric recording, Holter-monitoring, loop-recording, or a description of the AVB, based on one of those modalities, written in the medical record. To ensure a consistent review, all medical records were reviewed by the same physician (J.R.R., overseen by H.K.J.) and categorization of aetiologies was defined before reviewing patient data. Congenital heart disease was considered the aetiology of AVB in cases with congenital corrected transposition, ventricular septal defect, Steno-Fallot tetralogy, or univentricular heart anatomy. 15, 16 The aetiology was registered as congenital AVB, borreliosis, or side-effect to needed medical treatment if this was reported as the aetiology in the medical records. In cases where the patient was known to have cardiomyopathy, 17 cardiac sarcoidosis, 11 or muscular dystrophy, 18 this was considered the aetiology of AVB. The aetiology was registered as hereditary if a known pathogenic genetic mutation associated with AVB was identified. Ischaemic heart disease was considered the aetiology in cases where the patient developed AVB in relation to acute myocardial infarction. A tilt-table test with documented AVB was recorded as cardioinhibitory reflex aetiology. If planned His-ablation was performed, this was registered as the aetiology. AVB was considered a complication to cardiac surgery, alcohol septal ablation, or radiofrequency ablation if the patient had sinus rhythm prior to the procedure and AVB within 2 weeks after regardless of the indication for the procedure. Endocarditis was registered as the aetiology only if the atrioventricular conduction was affected in any way prior to surgery.
Statistical analysis
Continuous variables are expressed as median (interquartile range) and dichotomous variables as numbers (proportions). Comparisons were done using the v 2 test or the Mann-Whitney U test. Poisson regression was used to test for temporal trends. For the analyses of temporal trends, we adjusted for the number of inhabitants <50 years in Denmark each year. We did not test for temporal trends if there were <30 events throughout the study period. A P-value <0.05 was considered statistically significant. Statistical analyses were performed using STATA version 15.1.
Results
We identified 1242 patients from the Danish Pacemaker and ICD Registry receiving their first pacemaker due to AVB before 50 years of age. This equals an average incidence of 17.7 per year per one million inhabitants <50 years throughout the study period. After exclusion of 215 patients, we included 1027 patients in the study (Figure 1) . The age-and sex distributions of the patients excluded due to missing medical records were similar to those of the included patients. Median age at first pacemaker implantation was 38 years (interquartile range 25-45) and 584 (56.9%) were males ( Table 1) . The aetiology of AVB was identified in 510 (49.7%) patients. Patients with AVB of known aetiology were significantly younger than patients with unknown aetiology at the time of pacemaker implantation (P < 0.001) and more often they were asymptomatic (P < 0.001). A high number of asymptomatic patients were seen among patients with complications to cardiac surgery [130 of 157 (82.8%)], congenital AVB [44 of 93 (47.3%)] and complications to radiofrequency ablation [20 of 35 (57.1%)]. Moreover, atrial fibrillation or flutter (P = 0.002) and heart failure (P < 0.001) were more common among patients with known aetiology.
Aetiology of atrioventricular block
The aetiologies of AVB are shown in Figure 2 . The most common were complications to cardiac surgery [n = 157 (15.3%)], congenital AVB [n = 93 (9.1%)] and cardioinhibitory reflex [n = 52 (5.1%)]. In 517 (50.3%) cases, no aetiology of AVB was identified. Results for What's new?
• Aetiology of atrioventricular block (AVB) was identified in only half the patients younger than 50 years referred for first-time pacemaker implantation.
• There has been a temporal increase in the number of patients younger than 50 years receiving their first pacemaker because of AVB.
• While the number of patients with AVB of unknown aetiology increased during the study period, we observed no significant change in number of patients with identified aetiology. men and women separately are reported in Supplementary material online, Tables S1A and B.
Age distribution
The age distribution of the study population is shown in Figure 3 . We observed a relatively high number of implants in children up to 4 years of age. The number of implants was lower among children aged 5-14 years, while from the age of 15 years, we observed an increasing number of implants with increasing age. In small children (0-5 years), an aetiology was identified in the vast majority of patients (94%), mainly complications to cardiac surgery or congenital AVB. Conversely, in middle-aged patients (44-49 years) aetiology was identified in less than half the patients (40.8%).
Temporal development
During the study period, an overall temporal increase in the number of patients receiving a pacemaker was observed (P < 0.001). We tested for temporal trends also including the patients excluded due to missing medical records and still the temporal increase in the number of implants during the study period remained (P < 0.001). A temporal increase among patients without an identified aetiology of AVB was observed (P < 0.001), while there was no significant change in number of patients with an identified aetiology (P = 0.35) ( Figure 4) .
We observed no significant temporal changes in the type of AVB leading to pacemaker implantation among patients with AVB of known or unknown aetiology when corrected for the development in the number of implants in the respective groups ( Figure 5) .
When the aetiologies of AVB were tested for temporal trends one by one, we found a significant drop in the number of patients with congenital AVB (P = 0.049), and a significant increase in the number patients in whom cardioinhibitory reflex was the aetiology (P < 0.001). No significant temporal changes in the remaining aetiologies were observed (Supplementary material online, Table S2 ).
Discussion
In the present two-decade study, we investigated the aetiologies of AVB in a complete consecutive nationwide cohort of young patients with AVB. The main finding was that the aetiology of AVB was only identified in approximately half the patients, in whom complications to cardiac surgery or congenital AVB were the dominating aetiologies. In the remaining half, the aetiology of AVB remained unknown. Though access to advanced cardiac imaging techniques and molecular-genetic testing has evolved during the study period, the number of patients receiving a pacemaker on the basis of a known aetiology remained stable, while the number of patients with unknown aetiology rose throughout the study period. This finding could be triggered by increased use of Holter-monitoring and looprecorders, and perhaps more persistency in the search of arrhythmias in recent years. Although an increasing number of patients receive a pacemaker, higher awareness of long-term complications in device treatment has appeared. Therefore, it cannot be ruled out that some patients treated with pacemaker in 1996 would not receive a permanently implanted device in 2015.
A large majority of patients with unknown aetiology had intermittent AVB. It cannot be ruled out that a considerable proportion hereof may suffer from idiopathic paroxysmal AVB, characterized by absence of structural heart disease, paroxysmal 3rd-degree AVB and normal resting ECG in-between AVB episodes. 19 The use of advanced cardiac imaging methods in the diagnostic work-up of younger patients with AVB has previously been studied. In a study of North American patients aged 18-60 years, patients with AVB of unknown aetiology underwent fluorodeoxyglucosepositron emission tomography, resulting in a diagnosis of sarcoidosis in 34% of patients. 11 In our study, only one percent of patients were found to have AVB due to sarcoidosis. Given the fact that northern Europe has one of the highest incidences of sarcoidosis in the world, cardiac sarcoidosis may be underdiagnosed in young patients with AVB. 20 However, this needs to be tested in prospective studies.
We found that patients with known aetiology more often were asymptomatic compared to patients with unknown aetiology. The reason for this may be that more patients with known aetiology suffer from conditions requiring healthcare system attention. In these patients, there is a higher probability of discovering AVB before symptoms appear. Furthermore, when AVB is complicating an ablation procedure or surgery, a temporary pacemaker is placed upfront, shielding the patient from symptomatic bradyarrhythmia. In addition, many patients with congenital AVB are asymptomatic. In contrast, a healthy person younger than 50 years does not seek the healthcare system before symptoms appear. This may add to explain our findings. Still, the main cause of implantation in both patients with known and unknown aetiology was Mobitz II, advanced AVB or 3 rd -degree AVB. Cardiovascular comorbidities were more common among patients with AVB of known aetiology. Though, a smaller percentage of patients with AVB of unknown aetiology were also affected. These were still classified as having AVB of unknown aetiology because a causal link between atrial fibrillation/flutter, hypertension or heart failure, and AVB has not been shown. Regarding ischaemic heart disease, we defined this as aetiology only if AVB occurred in relation to acute myocardial infarction, not if the patient had atherosclerosis without myocardial infarction. Therefore, it cannot be ruled out that these comorbidities contributed to some degree to AVB in some patients with AVB of unknown aetiology.
The proportion of patients with congenital AVB in our study was similar to findings by others. 8 It should be noted that we reported the number of patients receiving a pacemaker and that there was a shift in the late 90s from an expecting approach, where implantation was done only in symptomatic patients, to a more progressive approach with early, pre-symptomatic pacemaker implantation. 21 Therefore, there might have been a catch-up in our study period which may be the reason for an upper range frequency of 1/13 700 in our study compared to 1/15 000-22 000 in earlier studies. 8 Also, it cannot be ruled out that the temporal drop observed in patients with congenital AVB might be a product of a catch-up early in the follow-up period.
In our cohort, myocarditis was identified as the aetiology in only two patients. In the Global Burden of Disease Study 2013, the estimated annual incidence of myocarditis was 22/100 000 persons. 22 In Denmark, this might represent 1250 annual cases. A previous study showed that 1.1% of patients with myocarditis develop high degree AVB, and hereof, one-fifth ended up receiving a permanent pacemaker. 23 Applying these data to our cohort, this could represent around 50 patients during the 20-year study period. Thus, we cannot exclude under-diagnosis of myocarditis during this study period. Myocarditis might be one of the explanations underlying ABV of unknown aetiology in some patients.
Atrioventricular block based on cardioinhibitory reflex accounted for 5.1% of cases in our study. 24 This is accordant with the current guidelines, that pacemaker implantation should be avoided in young patients on the indication of cardioinhibitory reflex syncope. 25 It cannot be ruled out that the increased implantation activity on this indication over the study period was caused by higher attention to this disease entity.
Mutations in the LMNA and SCN5A genes are among the known hereditary causes of AVB. In our study, a hereditary aetiology was diagnosed in 0.6% of cases. It should be noted, that molecular-genetic testing was not nationwide implemented in Denmark before 2006. Furthermore, awareness of genetic mutations leading to AVB was not implemented in national guidelines before 2013. Therefore, the true prevalence of hereditary aetiologies is probably not reflected in this study. With increased use of molecular-genetic testing, the number of patients diagnosed with a hereditary aetiology is likely to increase in the future. The identified aetiologies of AVB are diverse. Ranging from infectious disease to primary myocardial diseases, iatrogenic causes and autoimmune diseases, the diagnostic work-up has to be thorough to identify the aetiology. Particularly, since the aetiology may have decisive impact on treatment, e.g. antibiotics for borreliosis to avoid permanent pacemaker implantation and primary implantable cardioverter-defibrillator implantation rather than pacemaker in patients with sarcoidosis or pathogenic mutations implying increased risk of ventricular tachyarrhythmia and sudden cardiac death. Although knowledge about the aetiology may influence the choice of device in some patients, current guidelines have little focus on determining the aetiology of AVB in the diagnostic work-up. Given the large proportion of young patients with AVB without identified aetiology, it could be considered that such patients undergo standard screening upon time of implantation. We propose that such programme may comprise a thorough medical history with family history, laboratory screening including borreliosis serology and markers of sarcoidosis as well as echocardiography and cardiac MRI. Tilt-table-test should be performed if cardioinhibitory reflex is suspected and molecular-genetic testing may be reasonable in selected individuals as those with a family history of inherited heart disease or sudden cardiac death ( Table 2) . However, the diagnostic yield of such a programme is unknown and must be followed prospectively.
Strengths and limitations
A major strength of the study was access to all consecutive young patients receiving a pacemaker in Denmark. Hereby, were able to provide a complete overview of the aetiologies of AVB over a period of 20 years. Furthermore, all medical records were reviewed by the 11 Figure 2 Identified aetiologies of AV block in patients <50 years (n = 1027). a Amyloidosis (n = 2), myocarditis (n = 2), severe right ventricular dilation (n = 2), cardiac tumour (n = 1), Kearn-Sayre syndrome (n = 1), rheumatic fever (n = 1), side-effect to radiation therapy (n = 1), and graft vs. host reaction (n = 1). AV, atrioventricular. same physician, which ensured a uniform evaluation. To our knowledge, this is the first study to present a complete overview of AVB aetiologies on a nationwide scale. However, the study has limitations. The study was performed retrospectively, with all the limitations inherited in this study design. Most importantly, diagnostic work-up was not protocolled to encompass any collection of specific diagnostics, and therefore, differed between patients. It is unknown whether an aetiology could have been identified in a larger proportion of patients, had all patients undergone the same well-defined series of diagnostic tests. Another limitation, also resulting from the study design, was the exclusion of 12% of patients due to medical records not available. However, the age-and sex distribution of the patients excluded were similar to that of the patients included.
Conclusion
In a nationwide cohort, the aetiology of AVB was identified in only half the patients younger than 50 years referred for first-time pacemaker implantation, and the number of patients with unknown aetiology increased during the study period. These findings indicate need for better insight into the aetiologies of AVB and improved diagnostic work-up guidelines.
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